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RESORBABLE CERAMIC COMPOSITIONS 
Field of the invention 

The present invention relates to ceramic precursor compositions and chemically 
5 bonded ceramic (CBC) materials, especially Ca-based, and a composite biomaterial 
suitable for orthopaedic applications. The CBC-system includes a binding phase 
(chemical cement) and additional phases with specified chemistry imparting to the 
biomaterial the ability of initial strength followed by interaction with the body tissue 
including body liquid, to form a resorbable or partly resorbable biomaterial. The 
10 invention also relates to a cured ceramic material, implants and surface coated de- 
vices. 

Background 

For materials to be used as bone void fillers, which have to interact with human 
15 tissue, it is advantageous to make the biomaterials as biocompatible and bioactive 
as possible. This can be achieved principally by at least two routes - developing 
stable biocompatible materials or resorbable materials allowing new bone tissue to 
substitute the biomaterial. The first route to make more stable materials, e.g. 
PMMA-based materials or Ca-aluminate-based materials, is especially suitable for 
20 osteoporotic clinical situations. For active or young patients a resorbable material, 
e.g. soluble glasses and phosphate-based materials, may be the most attractive 
route, where interaction with living tissue is more pronounced. It is well known that 
calcium aluminates and calcium silicates can have a considerably higher compres- 
sive strength than those of the present resorbable materials (in the order of 100 
25 MPa). 

The traditional resorbable phases contain oxides of Ca and P (or S). Ca-phosphates 
and or Ca-sulphates and glass containing CaO, PaOs, Si02 and NaaO are typical 
representatives for this low-mechanical strength category of bioelements. 

30 

In EP 1 123 081 Bl and EP 0 555 807 Ca-silicate is mentioned as an additional 
phase for drug uses (less than 10%) and for bone substitute products as an addi- 
tional divalent compound. Regarding biocompability of Ca-silicate materials, work 
have been done on the endodontic treatment material Proroot or MTA and on Wol- 
35 lastonite materials. See J. Saidon, et al, "Cells and tissue reactions to mineral triox- 
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ide aggregate and Portland cement", Oral surgery medicine pathology, April (2003) 
483-489. Wollastonite is an established biomaterial in the form of sintered ceramic 
pieces. A survey of bone cements is found in S. M. Kenny and M. Buggy, "Bone ce- 
ments and fillers: A Review", Journal of Materials Science: Materials in Medicine, 14 
5 (2003) 923-938. 

In view of the prior art materials for use, particularly in, bone void filling, there is a 
need for a biocompatible material exhibiting resorbability and sufficiently high 
strength, and thus load-bearing capacity, shortly after application, as well as later on. 

10 

Brief description of the invention 

To fulfil the above-mentioned needs, the present invention provides ceramic precur- 
sor compositions and cured products exhibiting the above-mentioned features. 

15 The object of the present invention is to provide ceramic precursor compositions 
based on chemically bonded ceramics as main phase(s), which when cured, pro- 
vides a sufficiently high-strength (compressive strength 100-150 MPa) ceramic 
product. Said strength is achieved shortly after application of a slurry, paste or 
semi-hardened mixture of the ceramic precursor composition in a defective site. The 

20 initial high strength makes load-bearing possible for the defective site during the 
resorption stage, where new bone tissue takes over the load-bearing capacity. 

During curing, the binding phase(s) according to the present invention consumes or 
takes up a great deal of water, whereby the cured ceramic product exhibits a low 
25 residual porosity, which contributes to the high strength. 

According to a first aspect, there is provided a ceramic precursor composition com- 
prising at least one particulate Ca-silicate, and possibly other particulate Ca- 
compounds selected from phosphates, carbonates, sulphates and combinations 
30 thereof, having calcium as the major cation. Said compound(s) will form the main 
binding phase(s) in the cured material. The ceramic precursor composition is de- 
fined in claim 1. 
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In another embodiment, said ceramic precursor compositions also include a second 
binding phase (e.g. high-strength Ca-aluminates) contributing to the high compres- 
sive strength, both initially and later on. 

5 The constituents of the ceramic precursor composition are particulate matter, 
unless stated otherwise. The percentages given for the precursor composition, as 
well as for the cured ceramic material, represent weight-%, unless stated otherwise. 

According to second aspect, there is provided a cured ceramic material, which is 
10 obtained by mixing the precursor composition and a curing liquid, i.e. water. The 
cured ceramic material is defined in claim 11. 

According to third aspect, there is provided a medical implant which comprises the 
non-cured ceramic precursor composition and/ or the cure ceramic material accord- 
15 ing to the invention. The medical implant is defined in claim 27. Said medical im- 
plant may be used as a carrier material for drug delivery. Said use is defined in 
claim 28. 

According to fourth aspect, there is provided a surface coated device selected from 
20 the group consisting of an artificial orthopaedic device, a spinal implant, a joint im- 
plant, an attachment element, a bone nail, a bone screw, and a bone reinforcement 
plate, which device or substrate is coated with the non-cured ceramic precursor 
and/ or the cured ceramic material according to the invention. The coated device or 
surface is defined in claim 29. 

25 

The major advantages of the present invention precursor composition, cured mate- 
rial and product, when inserted or injected into a body, is that they have a high re- 
sorbability, such that a high in-growth rate of a bone is achieved. The resorption 
rate is less or equal to that of the bone in-growth rate. This is important to keep the 
30 loading capacity during the whole healing period. 

The compressive strength level obtained with the cured material according to the 
present invention is within the interval 100-150 MPa - to be compared with that of 
other resorbable biomaterials with a compressive strength in the interval 20-60 
35 MPa. 
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The strength level for biomaterials according to the present invention is at least 
equal to that of stable biomaterials for bone void filler applications, such as PMMA - 
based materials, which do not exhibit the same degree of resorbability. 

5 

The ceramic material according to the invention have the advantages compared to 
prior art systems/materials, such as bioglasses, glass ionomer cements and pure 
Ca-phosphate-based systems or monomer-based filling materials, that it maintains 
its bioactivity, that it has improved initial strength and that it is dimensionally sta- 
10 ble - i.e. exhibits a limited expansion instead of shrinking like known resorbable 
materials, which benefits the contact with the tissue. 

The ceramic materials according to the invention have been especially developed for 
biomaterials used as bone void filler materials for orthopaedic applications, but can 
15 also be used as resorbable filler materials-within odontology, including endodontics. 

Detailed description of the invention 

The present invention deals with bioactive ceramics based on resorbable ceramics. 
However, in addition to this, the present invention also deals in detail with the time 
20 aspects of strength development and the level of strength obtained. Accordingly, the 
present invention aims at providing materials, preferably biomaterials, having early 
and maintained strength, which with time dissolves and interacts with the body 
system to yield new tissue. 

25 In a basic form, the ceramic precursor composition according to the invention com- 
prises main binding phase(s) of chemically bonded ceramics, preferably Ca-silicates, 
with Ca as the main cation. The binding phase(s) preferably comprises one or more 
of the following phases: 

C3S =3(CaO)(Si0 2 ), C2S =2(CaO)(Si0 2 ), and CS - (CaO)(Si0 2 ). The main binding 
30 phase(s) of the ceramic precursor composition comprises more than 50 weight-% of 
at least one Ca-silicate. In a further preferred embodiment, the main binding phase 
comprises 3CaOxSi02. In a preferred embodiment, the main binding phase(s) of the 
cured ceramic material comprises hydrates of 3CaOxSi02. Said main binding 
phase(s) may also comprise phosphates, carbonates, sulphates of calcium, and 
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combinations thereof. The remainder, if any, is constituted by additives such as 
inert phase and/or additives that make a material radiopaque. 

The use of soluble chemically bonded ceramic based on 3CaOxSi0 2 is preferred, 
5 since it offers both resorbability, and a high initial consumption or up-take of water 
that reduces the porosity, whereby a high strength is achieved early after the appli- 
cation of the ceramic precursor composition mixed with a curing liquid. 

As second binding phase(s), the ceramic precursor composition may further com- 
10 prise a Ca-compound based on phosphate and/ or sulphates in an amount of less 
than 20 weight-% of the main binding phase(s), preferably an amount of 5-10 
weight-%. Said second binding phase may comprise a soluble glass, e.g. a phospho- 
rous-containing glass, apatite-based materials, preferably a soluble CaH-phosphate. 

15 The ceramic precursor composition may comprise additives conferring high radio- 
pacity, e.g. sulphates such as Ba-sulphate, and other very slowly dissolving inor- 
ganic or inert mineral phases. Highly radio-opaque oxides, such as zirconium oxide, 
are preferred. These inert phases preferably comprises a Ca-silicate-based mineral 
or Ca-silicate glass. These glasses can preferably contain fluorine and phosphorus 

20 to yield fluoride and phosphate ions, which contribute to fluoroapatite formation. 
Said additives can be included in the composition in the form of glass particles, fi- 
bres, whiskers and/or platelets, in concentrations below 20 weight-% of the total 
composition, more preferably 5-15 weight-%, and most preferably 8-12 weight-%. 

25 The ceramic precursor composition may further comprise particles of hydrated 

chemically bonded ceramics of the same or similar composition as that of the main 
binding phase(s) in an amount less than 40 weight-%, preferably 10-30 weight-%. 
This improves the homogeneity of the microstructure and enhances the binding be- 
tween reacting chemically bonded ceramics and the filler material in the early stage 

30 of curing. 

In order to further enhance early strength properties, additives may be included 
which improve initial closure of pores in the ceramic material by pure water up- 
take, e.g. from the semi-hydrate CaS04Xl/2H20 to gypsum (CaSC>4x2H20). To solid- 
35 ify the total ceramic product initially, a combination of phosphoric acid and zinc 
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oxide-forming Zn-phosphate is added. These phases will not contribute to the me- 
dium time or long-term properties, only enhance the initial pore closure and initial 
strength. 

5 The initial strength up to a few hours after initialisation of the curing reaction may 
be further increased by addition of a polyaciylic (PA)-based material. When prior art 
glass ionomer cements (with PA-additives) are used as biomaterials, one major con- 
cern is the low pH and the low chemical stability of secondary phases. However, in 
the ceramic precursor compositions according to the present invention pure PA acid 

10 is used only in a low concentration, less than 8 weight-%, preferably less than 5 
weight-% and more preferably 2-3 weight-%, and thus the acid works as an agent 
reducing the pH in early stages from a pH higher than 1 1-12 for the initially highly 
basic silicate and aluminate compounds, to a pH less than 10 within 60 minutes, 
preferably within 30 minutes in the mixture of the ceramic precursor composition 

15 and water. 

In order to improve the long-term mechanical strength, high-strength stable addi- 
tives based on other chemically bonded ceramics, preferably Ca-aluminates, form- 
ing hydrates in the cured material, are included in the ceramic precursor composi- 
20 tion in an amount less than 40 weight-%, preferably 5-30 weight-%. 

The viscosity of the ceramic material prior to curing can be controlled within a wide 
range, upon initial mixing of the powdered material and the hydration liquid, from 
moist granules to an injectable slurry. However it is preferable to decrease the wa- 
25 ter-to-cement (w/ c) ratio as much as possible in order to obtain the appropriate vis- 
cosity for any given application. The w/c ratio should be less than 0.55, more pref- 
erably within the interval of 0.35-0.45. For orthopaedic applications the use of a 
somewhat higher w/c ratio than that of dental filling materials is possible and de- 
sirable to ensure an easily injectable biomaterial. 

30 

The materials also show slow disintegration rate in water and body liquid when in- 
serted into a body, i.e. that > 95% of the inserted mass is intact after a setting time 
of 5 minutes, more preferably after a setting time of 10 minutes. This is beneficial 
since it is important to allow the material to have time for setting without being too 
55 much mixed with the surrounding liquid. The setting time is in the interval of 5-12 



WO 2006/041365 



7 



PCT/SE2005/001304 



minutes. The time for defined partial and complete disintegration can be varied 
within the interval of some months up to a few years. 

The cured ceramic material exhibits a compressive strength exceeding 100 MPa. It 
has a compressive strength within 24 hours of at least 40 MPa, preferably more 
than 50 MPa within 1 h and more than 90 MPa within 24 h. The compressive 
strength exceeds 120 MPa after more than 7 days. 

After more than 7 days after curing, the cured ceramic material exhibits a Kic-value 
exceeding 0.5 MPam*/ 2 , preferably exceeding 0.7 MPam 1 / 2 , and more preferably ex- 
ceeding 1.0 MPam 1 / 2 . 

The dimensional change of the material during curing is less than 0.3 linear %, 
and/or exhibits an expansion pressure of less than 5 MPa, preferably less than 3 
MPa. 

The cured ceramic product according to the present invention, when inserted into a 
body, has a resorption rate that is less or equal to that of the bone in-growth rate. 
More than 60 weight-% of the material is dissolved within 3 years, preferably more 
than 50 weight-% within 2 years, and more preferably more than 40 weight-% 
within 12 months. 

The term "bioelement" as used herein, means all types of ceramic or coated objects 
intended for insertion into a body, such as medical implants including carrier mate- 
rial for drug delivery, and particularly orthopaedic implants. The ceramic precursor 
composition according to the invention, mixed with a curing liquid, may also be in- 
serted as a slurry, paste or putty, which after curing, forms said biolement. 

Example 

An animal model was used to study the resorption rate for bone cement formula- 
tions containing calcium silicate as main binding phase(s). 

Description of raw materials 

The raw materials used were: tricalciumsilicate(C3S), dicalciumsilicate (C2S), 
monocalciumsilicate (CS) (Nycominerals), mono-calcium aluminate (CA), calcium- 
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sulphate-semi-hydrate (Merck), tricalciumphosphate (Merck), dicalciumphosphate 
(Merck), apatite (Merck) and Norian (Syntes Stratec). The C3S, C2S and CA powders 
were synthesised in-house. 

5 Description of materials 

A number of different powder formulations, that were prepared from the raw mate- 
rials as mentioned above, are presented in Table 1:1. 



Table. 1:1. Composition of the tested formulations in vol.%. 



Formu- 
lation 
number 


Tricalci- 
um 

silicate 


Dical- 

cium 

silicate 


Mono 
calci- 
um 

silicate 


Mono 
calcium 
alumi- 
nate 


Calcium 
sulphate 


Trical- 
cium 
phos- 
phate 


Dical- 
cium 
phos- 
phate 


Apa- 
tite 


1 


100 
















2 




100 














3 


70 




15 




15 








4 


70 








15 


15 






5 


70 














30 


6 


70 












30 




7 


70 










30 






8 


70 








30 








9 


60 


20 








20 






10 


60 






20 


20 








11 


75 






25 










12 


80 (20% 
hydrated) 






20 











Description of tests 

The powder formulations were mixed with water and a hardening accelerator (30 
wt.% CaCl 2 ) to a calciumsilicate/water ratio of 0.4 using a mixing machine (Rotomix 
3MESPE) and plastic jars. Mixing the water and powder yielded an injectable paste. 
The pastes were evaluated with respect to pH change and strength development 
(measured as compressive strength) over time. The samples submitted to compres- 
sive strength testing were stored in simulated body fluid (changed every third day) 
and subsequently measured after lh, 24h, 7days, 30 days, 3 months and 1-2 
months. The samples submitted to pH testing were stored in simulated body liquid 
for 5 minutes, 30 minutes, 24 h, 7 days and 30 days. To some of the formulations 
(Formulations 1-2, 5-6 and 10-11) 2 wt-% of PA-acid was added. The pH change 
over time was detected. 



10 



15 



20 
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Each paste was also inserted into an animal model. Bilateral defects were created in 
the distal femur of skeletally-mature female goats. The medial femoral condyle was 
exposed and a 10 mm diameter transverse defect was created from the medial cor- 
5 tex to the lateral cortical wall. The graft was placed in this defect site. Each formu- 
lation was tested in six sites. The animals were sacrificed after 52 weeks. The me- 
dial condyle was submitted to undecalcified histology. The samples were dehy- 
drated, embedded in methyl methacrylate, sectioned in the coronal plane and 
ground to 20 micrometer thickness. Histomorphometiy was conducted to measure 
10 bone-to-defect area, graft-to-defect ratio, and bone-to-graft ratio. 

Results 

The results from the strength test and the results from the resorption study is pre- 
sented in the Tables 1:2 and 1:3. In the strength test, a commercial calcium phos- 
15 phate cement was also tested (Norian) as a comparative ceramic. The pH shifted 

quickly from the initial interval of 1 1-12 for all formulations according to the inven- 
tion to less than 10 after 30 minutes and less than 9 after lh. For samples includ- 
ing the addition of PA-acid, the pH change towards neutral was even quicker. The 
steady-state pH was higher than neutral. 

20 

Table 1:2. The compressive strength development over time for the tested formula- 
tions (MPa). 



Formulation 
number 


lh 


24h 


7 days 


30 days 


3 months 


12 months 


1 


60 


100 


150 


I 150 


150 


150 


2 


40 


85 


110 


130 


130 


130 


3 


50 


100 


110 


110 


90 


90 


4 


50 


90 


100 


110 


80 


80 


5 


45 


90 


90 


120 


120 


120 


6 


50 


95 


100 


125 


125 


125 


7 


55 


100 


120 


125 


130 


130 


8 


40 


70 


90 


100 


90 


70 


9 


55 


100 


110 


130 


130 


L_ 130 


10 


60 


100 


120 


130 


130 


130 


11 


70 


105 


130 


130 


130 


130 


12 


60 


100 


130 


130 


130 


130 


Norian (compa- 
rative) 


20 


40 


40 


40 


40 


40 
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Table 1:3 Percentage of bone and graft material in defect site after 12 months 



Formulation 
number 


% Bone 


% Graft 


1 


30 


50 


2 


20 


66 


3 


40 


40 


4 


40 


35 


5 


20 


55 


6 


30 


35 


7 


35 


35 


8 


50 


35 


9 


30 


40 


10 


40 


50 


11 


35 


63 


12 


30 


60 



The results show that all formulations resorb over time and that the maximum 
strength but slowest resorption rate is achieved when using only calcium silicate 
bone graft material. 
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CLAIMS 

1. A ceramic precursor composition used for manufacturing resorbable or partly 
resorbable high-strength bioelements, wherein the composition comprises at 
least one silicate with Ca as the main cation with a resorption rate less or 
equal to that of the bone in-growth rate, which at least one silicate acts as the 
main binding phase in the cured material, wherein the at least one Ca-silicate 
is present in an amount of 50 weight-% or more, the remainder, if any, is con- 
stituted by additives such as inert phase, and/or additives that make the 
cured material radiopaque. 

2. The ceramic precursor composition according to claim 1, wherein the main 
binding phase(s) further comprises phosphates, carbonates, sulphates of cal- 
cium, and combinations thereof. 

3. The ceramic precursor composition according to claim 1 or 2, wherein the 
main binding phase(s) comprises 3CaOxSi02. 

4. The ceramic precursor composition according to any of the preceding claims, 
wherein it further comprises at least one second binding phase based on 
phosphates and/or sulphates in an amount of less than 20 weight-% of the 
main binding phase/phases. 

5. The ceramic precursor composition according to any of the preceding claims, 
wherein the second binding phase comprises soluble glass, e.g. phosphorous- 
containing glass, apatite-based materials, preferably soluble CaH-phosphate. 

6. The ceramic precursor composition according to any of the preceding claims, 
wherein the it further comprises glass particles, fibres, whiskers and/ or plate- 
lets of slowly dissolving inorganic or inert mineral phases, preferably a Ca- 
silicate-based mineral or Ca-silicate glass and highly radio-opaque oxides, 
preferably zirconium oxide. 
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7. The ceramic precursor composition according to claim 6, wherein said inor- 
ganic slowly dissolving or inert mineral phases are present in an amount of 
less than 20 weight-%. 

5 8. The ceramic precursor composition according to any of the preceding claims, 
wherein it further comprises hydrated particles particles of the same or of 
s imil ar phases as those used for the main binding phase in an amount less 
than 40 weight-%. 

10 9. The ceramic precursor composition according to any of the preceding claims, 
wherein it further comprises a ceramic powder of Ca-aluminate type in an 
amount less than 40 weight-%. 

10. The ceramic precursor composition according to any of the preceding claims, 
15 wherein it further comprises low amounts of a polyacrylic-based material, less 

than 8 weight-%. 

11. A cured chemically bonded ceramic material for high-strength bioelements 
used as a resorbable or partly resorbable biomaterial having a compressive 

20 strength exceeding 100 MPa, wherein the material as the main binding phase 

comprises at least one silicate with Ca as the main cation with a resorption 
rate less or equal to that of the bone in-growth rate, wherein the at least one 
Ca-silicate is present in an amount more than 50 weight-%, the remainder, if 
any, is constituted by additives such as inert phase and/or additives that 

25 make the material radiopaque. 

12. The cured ceramic material according to claim 11, wherein the main binding 
phase(s) further comprises phosphates, carbonates, sulphates of calcium, and 
combinations thereof. 

30 

13. The cured ceramic material according to claim 1 1 or 12, wherein the main 
binding phase(s) comprises hydrates of 3CaOxSi02. 
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14. The cured ceramic material according to any of claims 1 1-13, wherein it com- 
prises at least one second phase based on phosphates and/or sulphates in an 
amount of less than 20 weight-% of the main binding phase/phases. 

15. The ceramic precursor composition according to claim 14, wherein the second 
binding phase comprises soluble glass, e.g. phosphorous-containing glass, 
apatite-based materials, preferably soluble CaH-phosphate. 

16. The cured ceramic material according to any of claims 11-15, wherein it fur- 
ther comprises slowly dissolving inorganic or inert mineral phases, preferably 
a Ca-silicate-based mineral or Ca-silicate glass. 

17. The cured ceramic material according to claim 16, wherein the inorganic 
slowly dissolving or inert mineral phases are present in the amount of less 
than 20 weight-%. 

18. The cured ceramic material according to any of claims 1 1-17, wherein it fur- 
ther comprises a stable chemically bonded ceramic of Ca-aluminate hydrate 
type in an amount less than 40 weight-%. 

19. The cured ceramic material according to any of claims 11-18, wherein the ma- 
terial also comprises low amounts of a polyacrylic-based material, less than 8 
weight-%. 

20. The cured ceramic material according to any of claims 1 1-19, wherein the pH 
of the material mixed with curing liquid changes during curing from higher 
than 11-12 to less than 10 in 60 minutes. 

21. The cured ceramic material according to any of claims 1 1-20, wherein the ma- 
terial has a compressive strength within 24 hours of at least 40 MPa, 

22. The cured ceramic material according to any of claims 11-21, wherein the ma- 
terial has a compressive strength exceeding 120 MPa after more than 7 days. 
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23. The cured ceramic material according to any of claims 1 1-22, wherein the ma- 
terial after more than 7 days after curing has a Kic-value exceeding 0.5 
MPami/2. 

5 

24. The cured ceramic material according to any of claims 1 1-23, wherein the ma- 
terial has a dimensional change of less than 0.3 linear %, and /or an expan- 
sion pressure during hardening and curing of less than 5 MPa. 

10 25. The cured ceramic material according to any of claims 1 1-24, wherein the ce- 
ramic material, when inserted or injected into a body, has a slow disintegra- 
tion rate in water and body liquid throughout the setting time, i.e. that > 95% 
of the inserted mass is intact after a setting time of 5 minutes. 

15 26. The cured ceramic material according to any of claims 1 1-25, wherein more 

than 60 weight-% of the material, when inserted in a body, is dissolved within 
3 years. 

27. A medical implant comprising a non-cured ceramic precursor composition ac- 
20 cording to claim 1 and/ or a cured ceramic material according to claim 11. 



28. Use of a medical implant according to claim 27 as a carrier material for drug 
delivery. 

25 29. Surface coated device or substrate selected from the group consisting of an 
artificial orthopedic device, a spinal implant, a joint implant, an attachment 
element, a bone nail, a bone screw, and a bone reinforcement plate, wherein it 
is coated with a non-cured ceramic precursor composition according to claim 
1 and/ or a cured ceramic material according to claim 11. 
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